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1. INTRODUCTION

Ballistic shock has been recognized as a damage mechanism capable of causing component failures
in armored combat vehicles. Unforunately, the vulnerability community has not been able 10 incorporate
this phenomenon in its predictive models. Historically, the main penetrator and spall have been considered
as the primary damage mechanisms; recently, however, ballistic shock has gained some attention as a
lethal mechanism, and the U.S. Army now has a shock protection requirement for armored combat
vehicles (Walton 1989). Thus, the incorporation of shock effects into vulnerability models has become

a priority.

One method of incorporating the effects of ballistic shock into vulnerability codes could be to
construct detailed finite element models of every armored combat vehicle and then somehow transfer the
results to the vulnerability models. This, however, is an impractical approach, and a lower resolution
method has been suggested by Walbert (1991). The fundamental concept behind Walbert’s approach is
to analyze a small set of simplified structures that could be used to represent classes of combat vehicles
in an attempt to develop rules of thumb for shock attenuation. These rules of thumb could then be
compared to experimental data, and as confidence is gained, detail could be added. Another simplification
would be to analyze shock attenuation and propagation along the shortest straight path through a vehicle
structure from point of impact to a response point of interest. A straight line analysis, for determining
shock attenuation, has actually been used by Barrett (1975) for developing shock requirements for Viking
Lander components. An important point to note is that both Walbert and Barrett were aware of the need
to analyze shock effects at the component level of a system instead of attempting to make a bigger leap
to some sort of loss of system capability or utility. This is important because analyzing to the component
level will allow the results of a shock analysis to be incorporated into vulnerability analyses at the same
point as analyses performed for other damage-producing mechanisms. The point at which shock modeling
would be incorporated into the vulnerability process is termed the O, , mapping (Klopcic, Starks, and
Walbert 1992). There are four spaces within the vulnerability process as described by Deitz et al. (1990).
These spaces of vulnerability are (1) weapon/arget initial conditions, (2) the set of damaged components,
(3) measures of system performance, and (4) measures of system effectiveness. The O, , mapping is the
method by which one gets from a weapon/target interaction to a set of damaged components. In this case,
the desired mapping is an algorithm that translates the interaction to ballistic shock damage potential for
components.




If. in fact, one wishes t0 incorporate bellistic shock effects in the vulnerability process, using the
straight line approach mentioned previously, then an additional parameter that must be considered is the
atenuation of shock due to welded joints between armor plates positioned at various angles. The effect
of angle variation between welded ammor plates on shock or, in this case, acceleration attenuation is the
primary subject of this research effort.

2. OBJECTIVES

It was the objective of this research effort to answer the following questions:

(1) Is there an effect on shock attenuation due to angle variation between welded plates?

(2) If the answer to the question above is yes, then what is the relationship between attenuation and
the angle at which the plates are connected?

(3) Is the effect on attenuation due to angle variation constant over a range of plate materials and
impact conditions?

(4) Can simple finite element modeling be used to determine attenuation factors for various plate
configurations?

3. APPROACH

In order to meet the stated objectives, it was decided that both experimental and computational
analyses would have to be conducted for an identical set of impact and target configurations. The analyses
started with a flat plate to obtain baseline acceleration levels and then proceeded to angled plates to
determine attenuation due to the geometry changes. The flat plate used for determining the baseline
acceleration levels was actually two plates welded together. This was done in an attempt to filter out the
effects the weld material would have on the attenuation. Target material and thickness were representative
of actual armor used in military applications. The impact condition were such that they could be
incorporated into a finite clement model with a high level of confidence that they accurately depicted
experimental impact conditions. Additionally, it was decided that the impact conditions would remain in
the elastic range only. This was done to reduce the number of plates required for experimentation since
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plates with permanent deformation could not be used for more than one experiment. Once both analyses
were completed, the desired relationship between attenuation and angle was obtained, and the experimental
results were compared to the computations to determine the applicability of the finite element modeling.

4. EXPERIMENTAL DESIGN

There were two issues concerning the experimental design that required consideration. These issues
included the following:

(1) The experimental test matrix would have to allow for sufficient test replications and variations
of parameters to ensure a good experimental design.

(2) The experimental setup would have to allow for appropriate data measurement and collection for
a variety of test conditions.

4.1 Test Matrix. The first task was to determine the test parameters and their variations. Material
type, plate angles, material thickness, and impact conditions were the parameters initially chosen for
variation. The materials chosen were mild steel and 5083 aluminum. These materials were chosen
because of their availability and the fact that they are commonly used in the design of armored combat
vehicles. Initially, three material thicknesses (12.7 mm, 19 mm, and 38 mm) were selected because they
represented actual armor thicknesses on some current vehicles. Due to quality control problems during
the welding process and resource availability for refabrication of plates, only the 12.7-mm plates were used
for this effort. It was decided that the impact conditions should be varied in the level of the impact force
while using the same impacting device. This would allow the research to investigate the consistency of
the acceleration attenuation without getting into other issues such as differing impactor characteristics.
Finally, the parameter of main interest to this study—angle—was to be varied five times from 0° to 120°
by 30° increments. It was felt that this gave a good range of angles and was also representative of typical
amored vehicle geometries. Thus, the matrix ended up with 2 materials, 1 thickness, 3 impact levels,
S angles, and 5 replications of each test condition for a total of 150 planned experiments. Figure 1 shows
how the plate angles were measured for this exercise.




Response Point

Impact Point

4.2 Experimental Setup.

42.1 Target Plates. The design of the target plates was an important issue that had to be resolved
early in this effort. The target plate geometry was needed for the computational work and impacted
greatly on the experimental setup. It was decided that the fiat plates would be twice as long as they were
wide with dimensions of 30.5 cm x 61 cm (1 ft x 2 ft), The remaining pises were fabricated such that
the outer dimensions of each haif of the plates were 30.5 cm x 30.5 cm (1 ft square). Thus, the straight
line distance, on the surface of the plate, from the impact location to the response point remained constant
for all plates. This was accomplished by filling in the weld area with excess weld material and then
grinding the weld material down until a straight sharp-edged comer was formed at the connection between
the two pieces of plate material. Figure 2 is a photo of an actual target plate showing the sharp edge of
an angle connection.

The 30.5-cm x 61-cm (1 ft x 2 ft) overall dimensions were chosen to allow for measurement of
acceleration levels, at the response point, for several microseconds before reflections from the plate
boundaries reached the response point. Thus, the experiments would capture the effect of the geometry
st the welded joint on shock attenuation without interference from edge reflections or boundary conditions.
Also, since the distance between the impact point and the response point was held constant, distance
attenuation effects were eliminated. Table 1 presents material property data for the plates.
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5083 ALUMINUM
50" 90 DEG

Figure 2. Example of a target plate.

Welding rods consisting of 5356 aluminum and carbon steel (tensile strength of 640 MPa) were used for
joining the aluminum and mild steel plates, respectively.

Table 1. Target Plate Material Properties

Material Modulus of Elasticity, E Density, p Poisson’s Ratio, v
(g/em®)
Mild Steel 209 GPa 7.84 0.30 ]
5083 AL 68950 MPa 2.66 0.336 "

Once fabricated, the target plates had to be prepared for experimentation. The center of each half of
the plates was located and marked. The points directly behind these center points, on the opposite side
of the plates, were also marked. One of the marked points on the front side of the plates was to be the
impact point while the other three locations were to be used for instrumentation. These three locations
were drilled and tapped, using a No. 21 drill bit and a 10-32 tap, to allow for mounting accelerometers.




The surfaces of the plases around these locations were sended smooth 0 allow for flush mounting of the
accelerometers. Figure 3 shows the location of the impact and response points on a plate.

422 Test Stand. The mounting hardware for the target plates was an integral part of the
experimental setup. A test stand which was capable of holding any of the target plates was designed and
fabricated for this effort. ltwasin_:penﬁvemumetestmndbecapobleofmounﬂngewhofﬂndiﬂ‘um
plates so as to eliminate any effects that different test fixtures could have on the experimental results.
This test stand contained three major plates. The base of the fixture was a mild steel plate measuring
56 cm x 81 cm x 5 cm (22 in x 32 in x 2 in) thick. The other two main plates, also made of mild steel,
were wekded t0 the base plate in an upright position. These two plates measured 61 cm x 71 cm x
2.54 cm (24 in x 28 in x 1 in) thick. Both plates had 30.5 cm (1 ft) radial slots cut in them to allow for
mounting hardware adjustments for fastening the different angled plates.




In addition to mounting the target plates, the test stand was also used to support the impacting
mechanism. A two-wire pendulum, with a 2.54-cm-diameter steel ball bearing (70.74 g) attached to the
end, was used as the impacting mechanism for this effort. The ball bearing was chosen to be the impactor
primarily because a half-sinc wave loading function has been shown to represent ball bearing impact
conditions accurately (Walton 1985). The two-wire pendulum was chosen as the delivery mechanism
because it would assure relatively consistent impact locations, was inexpensive, and was easily assembled.

Integration of the two-wire pendulum into the test fixture design was relatively simple. Two picces
of flat stock were attached to the top of the two side plates of the test stand such that they extend:
vertically above the fixwre. Holes were then drilled in each piece of flat stock so that the pendulum wir: -
could be threaded through and tied off. These holes were placed at 1 m above the proposed impact height
on the target plates and were also positioned so that the pendulum would be at the bottom of its arc when
the ball bearing would strike the target plate. Once threaded, the wires were adjusted until the ball bearing
wouldimpactatthe‘fmterofthetametplatcataheigmoflscmabovemebmofthetestsund.

The final addition to the test stand was the release mechanism for the impacting device. It was
recognized that consistent releases of the ball bearing, from accurately measured drop heights, were
essential to the repeatability of the experiments. To accomplish both the consistent releases and the
accurate determination of height, an adjustable protractor was mounted to the test fixture that allowed for
accurate measurement of the angle of the pendulum and incorporated the use of an electromagnet as the
release mechanism. Figure 4 is a photo of the test stand and impacting device.

4.3 Data Acquisition System. Data acquisition requirements for this effort included the measurement
of the ball bearing rebound height after impact for calculating an approximate impact force and the
measurement of acceleration as a function of time at the response point. The rebound height was
approximated through the use of a video camera and a grid board. Three accelerometers were used for
each experiment. The first accelerometer was always on the backside of the target plate directly behind
the impact location. This accelerometer was a PCB Model 302A2, and it measured acceleration in a single
axis nommal to the surface of the plate (z-direction). This transducer was used as a trigger to tum the data
recorder on at the proper time, thus assuring that the acceleration at the response point would be measured
during the appropriate time period. Two accelerometers, a PCB 306A02 triaxial on the front and a PCB
302A2 single axis on the back, were used to measure acceleration levels at the response point. The




acceleration data was collected through a PCB 483B03 power supply and recorded with a Kontron
WW700 data acquisition computer. There were no filters added into the data acquisition system although
the accelerometers contained S-kHz low-pass filters. Acconding to the manufacturer, both models of
accelerometers have a rise time of about 10 ps with a range of about 1,000 g's and a resolution of
0.01 g's. The single-axis accelerometer had a resonant frequency of 30 kHz, and the triaxial accelerometer
had a resonant frequency of 8 kHz. A schematic of the data acquisition system is shown in Figure §.




PCB 302A02 (LOWER Z)

PCB 302A02

(UPPER 2)

PCB 306A02 (TRIAXIAL)

The first step in the experimental procedure was 10 mount the selected target piate in the test stand.
The plate was positioned $0 that the ball bearing would impact at the marked center point of the piate.
The plate would then be clamped in place along the bottom edge using a piece of fist stock and two
c-clamps. The c-clamps were always torqued at 11.3 N-m (100 Ibf-in). Next, the radial angle bracket
would be positioned at the top edge of the plate, a piece of rubber was inserted between the plate and the
bracket, and the plate was clamped 10 the bracket using two c-clamps. The angle bracket was then secured
10 the test stand by tightening the nuts on the two threaded studs that protruded through the radial slots
of the test stand.
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thweaded mounting holes. Then the instrumentation cables were connecied, and the power supply was
activased. The power supply was always allowed t0 wama up for a few minutes before experimentation
commenced.

Each target plate was impacted by the ball bearing which was dropped from three different heigits.
These three heigits corresponded to 30°, 45°, and 60° increments as measured by the protractor that was
pant of the release mechanism. The three drop heights are also referred to as loads in this document.
Loads one, two, and three correspond to the 30°, 45°, and 60° increments mentioned previously.
Genenally, five experiments were conducted for each drop height. The five repetitions were conducted
in an attempt to gain confidence in the resulting data.

Prior to each impact experiment, the data acquisition system was "armed” so that data for the next
impact on the target plate would be recorded. This "arming” process was simply a matter of pushing the
trigger button on the Kontron computer. At this point, the video camera was activated, and the ball
bearing was then released.

Once the impact occurred, the acceleration vs. time data for each channel was immediately displayed
on the Kontron's screen. Five channels of data were recorded for each impact. The five channels
included the z-direction acceleration behind the impact point, the z-direction acceleration at the response
point, and the x-, y-, and z-direction accelerations measured at the response point by the triaxial
accelerometer. The data sampling rate was 1 data point per microsecond, and 1,000 data points were
recorded for each channel. Once the data was recorded, it was downloaded to floppy disks for future
analysis.

6. COMPUTATIONAL PROCEDURE

‘The Automatic Dynamic Incremental Nonlinear Analysis (ADINA) finite element program was used
to conduct the computational portion of this effort. ADINA-IN was used as the preprocessor program,
and ADINA-PLOT was utilized for post processing. Information required by ADINA t0 run the desired
computations included plate geometries, material properties, time step between calculations, number of
time steps, boundary conditions, duration and direction of impact, peak force of impact, and the locations
of the impact point and the response point. The plate geometrics were simply the same as the actual
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plates used in the experiments. The material propertios used were as presented caslier. The time step
chosen was 1 ps. This matched the experimental sampling rate and was smaller than the time step
recommended by ADINA which is calculated by using the following formula:

tL- p
At Y J—; n

where
L = distance between nodes,
C = speed of sound through material,
p = density of material, and
E = modulus of elasticity.

For mild steel, At was calculated to be 3.82 x 10 5, and for S083 aluminum 3.7 x 10 5 was calculased.
Thus, 1 x 10 was of the same order of magnitude but provided better resolution in the calculations.

The peak force was calculated by using the impulse equation as shown in University Physics (Sears,
Zemansky, and Young 1978). The equation is as follows:

[PFD A am @ -vp. @

where
F = total force from impact,
m = mass of the impactor,
v; = gtriking velocity, and
v = rebound or final velocity.

The two velocities are found by energy balance equations. From Walton (1985), the loading or forcing

function for a ball bearing impact is a half-sine wave function. Dobyns (1981) provides the form of such
a function as follows:
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PCD) = P, SINGT) ®

where
F, = peak force, and
l.m‘.
Thus, if t = 0, solving equation 2 gives:
- zm(v; -~ vp

where in this case t, represents the duration of impect.

The duration of impact was calculated by the equation given by Greszczuk (1962) and is as follows:

2
t,-m_”:v ]’ ®
where
ﬁ/i:_ 1-v2
n-m.K'T. (6)
“ [ )
1 1
m.-i-;*iz-c (7)
where
m, = mass of ball bearing,
m, = mass of plate,
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v = gtriking velocity, .

R, = radius of ball bearing,

K, = K for ball bearing material,
K, = K for plate material, and

v = Poisson’s ratio.

Impact durations were calculated for each of the three striking velocities corresponding to the three drop
heights and each platc material. These durations are tabulated in Table 2.

Table 2. Calculated Impact Durations

81.22 x 106

106.12 x 10

75.08 x 10

98.10 x 10®

71.19 x 10°

93.03 x 10

Calculated peak forces (F,) for representative experiments for each load and plate combination are

presented in Table 3.

Table 3. Calculated Peak Forces Based on Experimental Rebound Height

Load 1 (30° drop), F,,
N)

13

Load 2 (45° drop), F,,
™

Load 3 (60° drop), F,,
™
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The rebound height of the ball bearing after impact was an important factor in the calculation of the
peak force. It should be noted that the height of the ball as seen by the video camera was adjusted ©
account for the ball bearing and camera not being at the same height. For example, if the video camera
was positioned lower than the ball bearing, the rebound height as measured on the grid board would be
high. Knowing the height of the camera in relation to the grid board and the ball bearing and the
horizontal distance between the three, it was a simple geometry problem to determine the actual rebound
height. Figure 6 presents this pictorially.

Figure 6. The difference between measured and actual rebound height.

For modeling purposes the impact was assumed to be linear elastic, and shell elements were used o
build the plate geometries. Shell elements were selected primarily due to the fact that an original intent
was to look at plates that were quite thick. The ADINA theory manual (ADINA R&D, Inc. 1987) states
that plate elements can be employed to model thin plates, and shell elements can be used for thick or thin
plates. In keeping with the objective of determining whether simple finite element models could be used
to determine shock attenuation, there was no attempt at modeling weld geometries and materials.
Appendix A contains example of ADINA-IN and ADINA-PLOT files that had to be generated along with
some sample outputs.

14




7. EXPERIMENTAL RESULTS

It was decided that, for this effort, the acceleration at the response point normal to the surface of the
plmasmeasutedonmcbacksideoft_hepmewumcpanmemoﬁmemst This was primarily due ©
the fact that shock-sensitive components in armored combat vehicles are mounted inside the vehicle (back
side of armor) and that the normal or z-direction would see the largest deflections. The triaxial
accelerometer on the front side of the plate was used to assure the reliability of the single-axis
accelerometer.

When the results were first gathered for the 12.7-mm steel plates, it was noticed that the results from
the 30° and 90° plates yielded acceleration levels that were significantly higher than for the other plates.
This phenomenon raised serious concems about the experimental design, welding techniques, etc., and it
did not fall into the expected trend. To investigate further, additional plates joined at 15°, 45°, and 75°
were mamufactured and tested. The results from the new plates followed the expected trend and agreed
with the 0°, 60°, and 120° plates. At this point, new 30° and 90° plates were fabricated and tested with
more favorable results. The aluminum plates were tested after the steel plates, and the 90° plate was
refabricated due to the same phenomenon as before.

Figures 7-11 are a set of acceleration-vs.-time plots for the response point as measured by the
single-axis accelerometer. These plots were made through the vse of a signal processing program called
"DADISP." The plots presented are for the mild steel plates impacted by Load 1 (30° ball bearing drop).
Note that the shape of each plot is similar regardless of the plate geometry. This similarity also held true
for the aluminum plates. Also note that these plots only present the acceleration data out to approximately
100 ps. This was due to the fact that beyond this point, reflections off of the plate edges were expected
to reach the response point. Thus, the largest amplitude in the presented time domain was used as the
defining acceleration level for each case. All other sets of plots were similar and, therefore, are not
presented in this document. The defining acceleration levels for each target and impact load condition
experiment are summarized in tabular form in Appendix B. Also of interest was the timing of the signal
arrival at the response point for the 120° plate as compared to the other plates. In all experimental cases,
the 120° plates witnessed accelerations at the response point earlier than the other plates, all of which had
similar timing. At this point in time, no explanation of this phenomenon can be offered. A discussion
of signal arrival time as compared to speed of sound travel through the plate materials will be presented
in the computational results section.
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Figure 8. Acceleration vs. time for 30° mild steel plate subjected to load 1.
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8. COMPUTATIONAL RESULTS

Once the rebound heights were obtained, there was sufficient information available to conduct the
computational analysis. Results were plotted and tabulated, for the response point, for each of the impact
and plate configuration combinations. Sample plots of the normal acceleration vs. time are provided in
Figures 12-16. Note that there is always a small dip in the record prior to the positive increase in
acceleration as was the case with the experimental data records.

The time at which the response point began to see accelerations was important as far as validating the
computations was concemed. The time at which the accelerations went positive for the first time
comesponded to the time it would take to travel 30.5 cm (1 ft) through the steel or aluminum at the speed
of sound. It was felt that this was a good check to determine if the finite element code was working
properly. The computations were stopped at 86 ps because that was the estimated time of arrival at the
response point for the first reflection off of a plate edge. As it tumed out, the peak of the first positive
hump in the acceleration data appeared to be the defining acceleration level. Thus, there was good
agreement between the experimental and computational data as far as determining which point from the
acceleration data 1o use for comparison of the various plates.

The calculated peak acceleration values for each plate and load combination are presented in Table 4.
It was interesting to0 note that the computed peak values for the steel plates matched up with the
experimental data quite well while the results for the aluminum plates were not in agreement. The
computational values for the aluminum plates were consistently off from the experimental data, thus
raising the thought that a multiplicative factor such as coefficient of restitution should have been
incorporated into the loading function for the aluminum plate calculations. The lack of a restitution
coefficient, however, tumed out not to be a problem in that the attenuation functions for the experimental
and computational results ended up being very similar. The attenuation functions will be discussed in
detail in the following analysis section,

Table 4. Computed Acceleration Values for Each Plate and Load Combination
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9. ANALYSIS

The tabulated experimental data as shown in Appendix B and computational data were downloaded
10 a personal computer where a program called "SYSTAT" was used for analysis of the results. The first
step in the analysis was to verify that there was in fact a relationship between the acceleration at the
response point and the angle at which the plates were joined. Using linear regression, a straight line was
fitted t0 the data for each set of plates and impact condition. Although the straight line did show that
there was a relationship between angle and acceleration, the fit to the data was not good. The next step
was 10 attempt to fit a polynomial function to the data. A quadratic polynomial was attempted first and
showed good signs of improvement in that more of the variation in acceleration levels, as presented by
the polynomial function, was explained by the variation in plate angles. This was shown by a statistic
called the squared multiple correlation (R2) or correlation coefficient (R) (Miller and Freund 1977). R? is
the ratio of the variation of the regression sum of squares for a given regression model to the variation
of the total sum of squares for a given data set. The closer this ratio is to unity, the more efficient the
model is at prediction. This ratio is given in the following equation:

2, ¥ (9 _y)z .
) E(Yi '?)z @

where
9; = model predicted values,
Y = grand mean of data set, and
y; = experimental data points or observations.

The R? values were quite good for fourth-order polynomial function, but the shape of these functions
was counterintuitive. The quadratic functions were adopted due to the shape of the fourth-order functions
and the fact that quadratic polynomials fit the computational data extremely well. The fourth-order

polynomial equations are presented in Appendix C for completeness.

Once the equations for acceleration were determined, they had to be converted into equations for
attenuation. The acceleration equations were solved for the case where the angle is 0°. The acceleration
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oquations wese e divided by the values obtainsd ot 0 1o obtain the stiomustion equations. This
egquation can be sepresanted by the following:

Acceleration (o)
Attenuation = .
Keeron © @

The quadratic acceleration and auenuation equations follow with their respective R? values
(equations 10-16). The best R? value (0.592) for the mild sieel plates was achieved for the largest
impacting load. The R? value was higher for the aluminum plates for the fourth-order polynomial fit and
was lower for the quadratic approximations. As mentioned ezier, the R? value was almost 1.0 for all
of the computational results which was expected since the computations did not include the effects of
welds or variation of impact force from one drop to the next. Note that the R? values are quite low for
the experimental data fits. Since the equations below are broken out separately for load and material
types, the Jow R? values indicate that there are other parameters that affect the level of acceleration as
much as or more than the plate angles. Of the other parameters, pure experimental error and the welds
are suspected to be major contributors. In addition o the R2 statistic, there are other measures that could
have been applied, for example, to show how much of the total possible variation in acceleration due ©
plate angle was actually explained by the quadratic functions,

Mild Steel: Loadl: R? = 0.142

ACC = 1806 - 51.5 (ANG) + 19.1 (ANG); _
ATT = 1 - 0285 (ANG) + 0.106 (ANG)?. (10)

Mild Steel: Load2: R2? = 0445

ACC = 419.8 - 200.3 (ANG) + 78.1 (ANG)%
ATT = 1 - 0477 (ANG) + 0.186 (ANG)>. an

Mild Steel: Load3: R? = 0.592

ACC = 7212 - 468.5 (ANG) + 208.6 (ANG)%;
ATT = 1~ 0.650 (ANG) + 0289 (ANG)?. (12)
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Aluminum: Loadl: R? = 0243

183.3 — 64.6 (ANG) + 28.4 (ANG)%
1 - 0.352 (ANG) + 0.155 (ANG)*. a13)

ACC
ATT

Aluminum: Load2: R? = 0.137

349.7 - 81.0 (ANG) + 26.1 (ANG)%;
1 - 0.232 (ANG) + 0.075 (ANG)%. (14)

ACC
ATT

Aluminum: Load3: R? = 0.309

ACC = 513.7 - 218. 8 (ANG) + 114.9 (ANG)%
ATT = 1 - 0426 (ANG) + 0224 (ANG)>. (15)

ADINA computations for both materials and all three loads resulted in virtually the s>+ equations
with R? values ranging from 0.971 to 0.999. The attenuation equation based on the computational data
follows:

ATT = 1 - 02 (ANG) + 0.08 (ANG)? (16)

Figures 17-22 are plots of the quadratic acceleration equations and the associated experimental data
for each impact load. Figures 23 and 24 show the quadratic acceleration equations and associated
acceleration data from ADINA. Note that as the R2 values suggest, the quadratic equations fit the
computational data very well. Finally, Figures 25 and 26 contain plots of the attenuation functions for
the computational and experimental results. Note that only one equation is plotted for the computational
data because the equation was virtually identical for all three load conditions. The attenuation factor that
one would obtain from these plots or through the use of the equations is a multiplication factor for the
peak acceleration as the shock crosses a welded joint. Thus, a factor of 0.8 means that the acceleration
is attenuated by 20%. The attenuation function plots and equations should not be used for angles beyond
120°. It is unknown, at this time, how well extrapolations beyond the limits of the experimental data
would predict attenuation.
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Upon review of the two attenmation plots, ane should note several points. The atienuation functions
for the sluminum plates are very similar regardiess of the impact load. For the mild seel piates, the
functions spread out somewhat for the different loads, but at any given angie the atienuation function does
not appear to vary more than about 25%. Also of interest here are the computationally derived attenuation
functions that appear to be flatter than the experimentally derived functions and which did not show any
effect of load variation. This is perhaps due to the welds not being accounted for in the computations and
10 some experimental variation in the impact loads. A final point t0 mention is the fact that the
computations from ADINA showed no difference in the angle attenuation functions for the mild steel and
aluminum plates. This is not a surprise in that an elastic model was used, distance to the response point
was held constant, and welds were not incorporated. Thus, the only remaining parameter that could have
an cffect on shock attenuation was the angle formed by the plates.

10. CONCLUDING REMARKS AND FUTURE WORK

Experimental and computational analyses were performed to determine if angle variation between
welded armor plates has an effect on shock attenuation. As a result of this effort, it has been shown that
there is an effect, and attenuation functions have been provided for three impact conditions and two
material types. These functions are given in equations 10-16. It is interesting to note that Barrett and
Kacena (1972) also looked at joint attenuation and came up with a conservative estimate of 40 percent
across a flat bolted joint. This bit of information fits in nicely in that one would expect a bolted joint to
have a greater attenuation factor than a completely welded joint. Unfortunately, Barrett and Kacena did
not investigate the effect of plate angle variation.

The computational work showed that attenuation across the joints was constant over the range of
materials and impact conditions. The experimental work showed that the attenuation functions were at
least in the same general neighborhood over the range of materials and impact conditions considered. In
particular, the attenuation functions provided for the aluminum plates were quite similar for all three
impact conditions.

It was shown that simple finite element models could be used to derive attenuation functions that are
in the range of functions based on experimental data. However, the fact that data from the experiments
was required for derivation of loading functions for the finite element program suggests that one would
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and types of impact.

There is a substantial amount of work that could be conducted to advance further understanding of
shock attenuation across joints. A continuation of similar work, as presented in this document, taking
acceleration data and transforming it into Shock Response Spectra (SRS) would certainly be worth while
since component standards for shock are given in this form. It is recommended that the use of larger
target plates be investigated for this purpose. Larger plates are important for this purpose so that the
shock could be measured for longer periods of time before reflections from boundaries would interfere.
Note that "small” plates were used for this effort since only the very first portion of the shock was
analyzed. The question still remains as to whether the first portion of the shock is sufficient for
characterization of attenuation effects. Additionally, work including larger impact loads, different impactor
shapes, different loading mechanisms such as blast, various welding techniques, additional materials, cast
targets that would not require welds, and different joining techniques such as bolting would be of
considerable interest. Also, an attempt should be made at improving or changing the experimental setup
used for this effort. The purpose here would be to reduce the experimental error which was shown to be
high by the R? values.
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APPENDIX A:
SAMPLE ADINA FILES AND OUTPUTS .
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This appendix contains a complete set of input and output files and figures for 1 of the 30 ADINA
runs required for this effort. This set of files and figures includes the input and output files for ADINA-
IN and ADINA-PLOT, a figure of the plate geometry showing element size and node locations, plots of
acceleration in meters/second? vs. time at the response point, and the acceleration data in tabular form.

ADINA-IN and ADINA-PLOT were run on a Silicon Graphics 310GTX and ADINA was run on a
Cray supercomputer. ADINA-IN was used to set up the plate geometry and loading conditions for
ADINA. ADINA actuaily performed the number crunching for each node point, and ADINA-PLOT was
used to extract the desired information for the response point.

47




. INPUT PILE NO. 3

]

FILEUNITS LIST=8 LOG=7 ECHO=7

FCONTROL HEADING=UPPER ORIGIN=LOWERLEFT
CONTROL PLOTUNIT-PERCENT HEIGHT=1.25
WORKSTATION SYSTEM=13 BACKGROUND=WHITE
|

DATABASE CREATE
HEAD ‘Mild Steel 12.5mm AT 60 DEG. - LOAD 1°'

MASTER IDOF=000000 NSTEP=86 DT=0.000001

PRINTOUT VOLUME=MAXIMUM IPRIC=0 IPRIT=0 CARDIMAGE=NO IPDATA=3

PORTHOLE FORMATTED-YES FILE=-60
.

COORDINATES _
ENTRIES NODE X Y &2
1 .1524 -.152¢ 0. 10
13 .152¢ .1492 0 TO
25 .1524 .2993 -.2608 TO
37 -.1524 .2993 -.2608 TO
49 -.1524 .1492 0 10
61 -.1524 -.152¢ 0. 10
73 .1524 -.152¢ O.
DELETE 73
®

MATERIAL 1 ELASTIC E=.209E12 NU=.3 D=7840.
EGROUP 1 SHELL RESULTS=STRESSES STRESS=GLOBAL
KINEMATICS DISPLACEMENTS=SMALL STRAINS=SMALL

ANALYSIS MASSMATRIX=LUMPED IMODS=0 METHOD=NEWMARK NMODE=10
FREQUENCIES SUBSPACE-ITERATION NEIG~10 NMODE=10 SSTOL=1.E-10 IFPR=1

THICKNESS 1 0.0127

GSURFACE 1 13 49 61 EL1-4 EL2-4 NODES=16
GSURFACE 13 25 37 49 EL1=4 EL2=4 NODES=16
FIXBOUNDRIES DIR=123456 TYPE=LINES

25 37

611

SHELLNODESDOF DOF-DEFAULT=FIVE DOF-INPUT=SIX TYPE=L

13 49
TIMEFUNCTION 1 IFLIB=2 FPARl~2.203E06 FPAR2=0
LOADS CONCENTRATED TYPE=NODES

138 3 32501 0

»

FRAME

VIEW ID=1 XVIEW=1 YVIEW=0 ZVIEW=0 ROTATION=0
VIEW ID=2 XVIEW=1 YVIEW=1 ZVIEW=1 ROTATION=0
DEPICTION SHELL~TOPBOTTOM

MESH V=1 NODES=30 ELEMENT=1 BCODE=ALL HIDDEN=DASHED

FRAME

MESH V=2 NODES=30 ELEMENT=1 BCODE=ALL HIDDEN=-DASHED
*

ADINA
.

END
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ADINA-]N YERSION i.o

+ 3. 22 FEBRUARY 1993
Mild Steel 12.500 AT 80 OAD 1

EOO'L‘D

ADINA ORIGINAL XVMIN (]

o
-0.1868}
 — XVMAX 0.3120
0.03670 YVMIN -0.2738 l
YYMAX 0.01270 Y
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ADINA-IN VERSION 3.0.3. 22 FEBRUARY 1993
Mild Steel 12.5an AY 80 DEG. - LOAD
ADINA ORIGINAL XVMIN -0.2282 4
T XYMAX 0.3321
0.04310 YVYMIN -0.4100 /k
YVMAX 0.1371 X
Uy Uauy 6, 6,8
i“ FredS -
O - =2 e -
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ADINA-PLOT 4.0 INPUT FILE
60 DEGREE PLATE

ILEUNITS LIST=8 LOG=7 ECHO=7

FCONTROL HEADING=UPPER ORIGIN=~LOWERLEF?
CONTROL PLOTUNIT=PERCENT HEIGHT=1.29
WORKSTATION SYSTEM=13 BACKGROUND~WHITE
*

* DATABASE COMMANDS TO LOAD OR OPEN THE ADINA-PLOT DATABASE
s

DATABASE CREATE FORMATTED-YES
*DATABASE OPEN
*

*

RESPONSETYPE LOAD_STEP
NPOINT CENTER NODE=265%

FRAME
GRAPH TIME NULL X-ACCELERATION CENTER SYMB=1 OUTPUT=ALL SUBFRAME~1133

GRAPH TIME NULL Y-ACCELERATION CENTER SYMB=1 OUTPUT=ALL SUBFRAME=1132
GRAPH TIME NULL £~ACCELERATION CENTER SYMB=1 OUTPUT=ALL SUBFRAME=-1131
ALIAS AX X-ACCELERATION

ALJAS AY Y-ACCELERATION

ALIAS AZ Z-ACCELERATION

RESULTANT ACC °'SQORT(AX**2 + AY**2 + AZ*#2)'

FRAME

GRAPH TIME NULL ACC CENTER SYMB=1 OUTPUT=ALL

®

.
.
»
»
F

RESULTANT WYE '~(0.S5*AY - 0.866*AZ)'
RESULTANT LEE '-(0.866*AY + 0.5*AZ)'
RESULTANT ACCC ‘'SORT(WYE**2 + ZEE*%2 + AX##2)*
FRAME

GRAPH TIME NULL 2EE CENTER SYMB=1 OUTPUT=ALL

FRAME
GRAPH TIME NULL ACCC CENTER SYMB=1 OUTPUT=ALL
L

PMAX CENTER NUMBER=1 VAR=ACC
] .

*

* CHECK LISTING

L 4

CONTROL EJECT=NO LINPAG=10000
FILEUNITS LIST=9

PLIST CENTER VAR=ACCC

PLIST CENTER VAR-ZEE

PLIST CENTER VAR=ACC

»
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FOR USE BY U.S.
FINITE ELEMENT PROG!
LISTING FOR POINT CENTER

TINE

0.00000E+00
1.000008-06
2.00000E-06
3.00000E-06
4.00000E-06
5.00000E-06
6 .00000E-06
7.00000E-06
8.00000E-06
9.00000E-06
1.00000E-05
1.10000E-05
1.20000E-05
1.30000E-05
1.40000E-05
1.50000E-05
1.60000E-05
1.70000E-05
1.80000E-05
1.90000E-05
2.00000E-05
2.10000E-05
2.20000E-05
2.30000E-05
2.40000E-05
2.50000E-05
2.60000E-05
2.70000E-05
2.80000E-05
2.90000E-05
3.00000E-0S
3.10000E-0S
3.20000E-05
3.30000E-05
3.40000E-05
3.50000E-05
3.60000E-05
3.70000E-05
3.80000E-05
3.90000E-05
4.00000E-05
4.10000E-05
4.20000E-05
4.30000E-05
4.40000E-05
4.50000B-05
4.60000B-0S
4.70000E-05
4.80000E-05
4.90000E-05
5.00000E-05
S.10000E-05
S.20000E-05
5.30000E-05
5.40000E-05
S.S0000E-0S
$.60000E-05

Ballistic Research lab (Aberdeea Prov. Grn, LICENSED FROM

ADINA
ACCC

0.000002+00
9.302382-04
4.20475£-03
9.307842-03
1.447452-02
1.90816E-02
2.43270E-02
3.23849E-02
4.41949E-02
5.70080E-02
6.32841E-02
S.21622E-02
1.379556-02
.70139E-02
.52565E-01
.56309E-01
.43909E-01
.91448E-01
.83494E-01
.17996E-01
.05074E-01
.18036E-02
.23525E-01
3.38790E-01
6.29607E-01
1.03897E+00
1.60110E+00
2.31449E+00
3.12007E+00
3.89485E+00
4.46799E+00
4.65949E+00
4.33322E+00
3.45249E+00
2.14884E+00
1.16318E+00
2.21459E+00
3.85465E+00
5.3607SE+00
6.70279E+00
8.07655E+00
9.78638E+00
1.21172E+01
1.524342+01
1.91905E+01
2.38127E+01
2.87883E+01
3.36609E+01
3.79260E+01
4.11288E+01
4.29321E+01
4.312988+01
4.16056E+01
3.82675E+01
3.30197E+01
2.59109E+01
1.81054E+01

HMOANWWWWNMWUN

ADINA-PLOT VERSION 4.0.3, 22 FEBRUARY 1993: Mild Steel 12.5sm AT 60 DEG. - LOND
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$.700008-095 1.63657E+01
S.80000E-0% 2.83464E+01
S.90000E-05 4.81993E+01
6.00000E-03 7.313152+01
6.100008-0S .- 9.83565E+01
6.20000E-05 1.35315£+02
6. 30000E-0S 1.51541E+02
6.400008-0S 1.75864E+02
6.500008-05 1.97590E+02
6.60000E-05 3.16566E+02
6.70000E-05 2.33043E+02
6.80000E-035 3.47402E+02
6. 90000E-05 2.59835E+02
7.00000E-05 2.70118E+02
7.10000E-05 2.77564E+02
7.20000E-05 2.81178E+02
7.30000E-05 2.80033E+02
7.40000E-05 2.73791E+02
7.50000E-05 2.63335E+02
7.60000E-05 2.51321E+02
7.70000E-05 2.42256E+02
7.80000E-05 2.41429E+02
7.90000E-05 2.52466E+02
8.00000E-05 2.75357E+02
8.10000E-05 3.07242E+02
8.20000E-05 3.44820E+02
8.30000E-0S 3.85903E+02
8.40000E-05 4.29564E+02
8.50000E-05 4.75520E+02
8.60000E-05 5.23346E+02

ADINA-PLOT VERSION 4.0.3, 22 FEBRUARY 1993; Mild Steel 12.5mm AT 60 DBEG. - LOAD
FOR USE BY U.S. Army Ballistic Research Lab ( n Prov. Grn, LICENSED FROM
FINITE ELEMENT PROGRAM ADINA : RESPONSE TYPE LOAD_STEP

LISTING FOR POINT CENTER

TIME ZEE
0.00000E+00 0.00000E+00
1.00000E-06 9.30238E-04
2.00000E-06 4.20475E-03
3.00000E-06 9.30783E-03
4 .00000E-06 1.44745E-02
5.00000E-06 1.90815E-02
6.00000E-06 2.43267E-02
7.00000E-06 3.238402-02
8.00000E-06 4.41917E-02
9.00000E-06 5.69998E-02
1.00000E-05 6.32650B-02
1.10000E-05 5.21124E-02
1.20000E-05 1.342178-02
1.30000E-05 -5.68410E-02
1.40000E-05 ~-1.52436E-01
1.50000E-05 -2.561508~01
1.60000E-0S5 -3.436748-01
1.70000E-05 -3.91068E-01
1.80000E-05 -3.82860E-01
1.90000E-0S -3.16917E-01
2.00000E-05 ~2.03085E-01
2.10000E-05 -5.51267E-02
2.20000E-05 1.211998-01
2.30000E-05 3.38382E-01
2.40000E-05 6.29550E-01
2.500008-05 1.03896E+00
2.60000E-05 1.60104E+00
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2.700008-0% 3.314008+00
2.800008-03 3.117808+00
3.900002-035 3.687602+00
3.000008-03 4.449532+00
3.100008-0S 4.618852+00
3.200002-05 4.25139E+00
3.30000E-05 3.292322+00
3.40000E-05 1.80530E+00
3.50000E-0S -3.561622-02
3.60000E-05 -1.987958+00
3.70000E-05 -3.81391E+00
3.80000E-05 -5.359352+00
3.90000E-03 -6.61365E+00
4.00000E-05 =7.72718E+00
4.10000E-0S5 -8.97560E+00
4.200008-05 =1.06774E+01
4.30000E-05 -1.30875E+01
4.40000E-05 =1.63003E+01
4.50000E-05 -2.01939E+01
4.60000E-0S =2.44356E+01
4.70000E-0S -2.85479E+01
4.80000E-035 =3.20132E+01
4.90000E-05 -3.43809E+01
5. 00000E-05 -3.53382E+01
5.10000E-03 -~3.47187E+01
5.20000E-0S —3.24466E+01
S.30000E-05 —2.84398E+01
5.40000E-05 =2.25151E+01
5.50000E~-05 —1.43438E+01
5.60000E-05 -3.48947E+00
5.70000E-05 1.04645E+01
S.80000E-05 2.77307E+01
5.90000E-0S 4.81333E+01
6.00000E-05 7.09919E+01
6.10000E-0S 9.51288E+01
6.20000E-05 1.19018E+02
6.30000E-0S 1.41051E+02
6.40000E-05 1.59839E+02
6.50000E-05 1.74477E+02
6.60000E-05 1.84662E+02
6.70000E-05 1.90624E+02
6.80000E-05 1.92888E+02
6.90000E-0S 1.91923E+02
7.00000E-05 1.87792E+02
7.10000E~05 1.79937E+02
7.20000E~05 1.67168E+02
7.30000E-05 1.479058+02
7.40000E-05 1.20593E+02
7.50000E-05 8.42003E+02
7.60000E-05 3.862632+01
7.70000E-05 =-1.510328+01
7.80000E-05 -~ -7.49329B+01
7.90000E-05 -1,38151E+02
8.00000E~05 ~2.01933E+02
8.10000E-05 ~2.63901E+02
8.20000E-05 ~3.225138+02
8.30000E~05 ~3.77168E+02
8.40000E-05 ~4.279928+02
8.50000E-05 ~4.,75364E+02
8.60000E-05 =5.19355E+02

ADINA-PLOT VERSION 4.0.3, 22 FEBRUARY 1993: Mild Steel 12.5sm AT 60 DBEG. - LOAD
FOR USE BY U.S. Army Ballistic Research Lab (Aberdeen Prov. Grn, LICENSED FROM
FINITE ELEMENT PROGRAM ADINA : RESPONSE TYPE LOAD_STEP
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APPENDIX B:
TABULATED EXPERIMENTAL DATA

57




INTENTIONALLY LEFT BLANK.

58




This appendix contains the tabulat~d experimental data. The tables that follow present the defining
acceleration for each experiment conducted as part of this enurt as well as mean values and standard
deviations.

MILD STEEL PLATES:
Angle (Radians) Load No. Acc. (M/S!) Mean std. Dev.

146.3
183.0
192.9 173.5 27.5
202.7
142.4

438.1 412.¢ 62.3
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134.5 159.1 14.4
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355.0 404.2 31.9

134.5 127.2 10.6

282.8 279.4 33.4

413.4 468.5 64.7

152.0 159.9 27.6

HEEEHEPWWWWWNNNONF 00N N D W W W W W N 0 N NN b
o
[«
v
L]
=

HERRRHR R R R R R S SR R e e - 0000 00000000000

nuunununnnwwww
NN NN N e

59




MILD STEEL PLATES:

Angle (Radlians)

1.57
1.57
1.57
1.57
1.57
1.57
1.57
1.57
1.57
1,57
1.57
2.09
2.09
2.09
2.09
2.09
2.09
2.09
2.09
T 2.09
2.09
2.09
2.09
2.09
2.09
2.09
2.09

ALUMINUM PLATES:

Angle (Radians)

.00

QOO0OO0OOO0O0OO0O0OO0O0OOO0O00
(=]
(=]

Load No.

WWWWWWNNNNNNMNFFEFEMEREWDWWWWWNONINNN

Load No.

== W W W NN NN N e e b el

Acc. (M/8?)

292.9
300.4
278.1
327.5
307.8
349.8
426.4
390.6
541.4
370.8
445.0
185.4
126.1
125.6
198.3
151.8
312.4
284.3
330.8
415.3
400.9
677.4
641.7
703.1
713.9
718.8
695.1

Acc. (M/SY)

185.4
188.2
198.7
197.3
197.3
352.8

Mean

301.3

420.7

157.4

348.7

691.7

Mean

193.4

375.5

561.2

std. Dev.

18.3

68.7

33.5

56.9

28.5

Std. Dev.

6.1

19.1

73.4



ALUMINUM PLATES:
Angle (Radians) Load No. Acc. (M/S?) Mean Std. Dev.

142.0 143.6 5.5
150.9
147.6
275.9
254.4
287.3 273.6 12.2
278.8
271.8
312.1

398.7 355.2 53.7

102.0 131.2 19.0

265.5 266.8 14.8

418.3 401.1 30.5

* o s e

178.0 191.1 13.0

CO0O0 Q0O UVMULULLUNUNUUNVIVNVINVNOOO0OO00O0D0O0O0COODOCOVIVITLILILILILILUILILILTIUVYWL

360.9 391.2 30.0

585.5 37.8

156.2 9.0
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179.2 257.6 47.9
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ALUMINUM PLATES:

Angle (Radians) Load No.

.09
.09
.09
.09
.09
.09
.09

[SESESNY SR SE SRS

WWwWwWwwNn

Acc. (M/8%)

247.2
294.2
458.6
519.1
$30.3
490.7
535.2

Mean

506.8

std. Dev.

32.0




APPENDIX C:
FOURTH-ORDER EQUATIONS
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This appendix contains the fourth-order polynomial equations that were derived for the experimental
data. The equations are provided to show the increased R? values and 0 allow further investigation by
interested readers. The equations are as follows:

Mild Steel: Load 1: R? =024
ACC = 166.39 + 152.06 (ANG) - 423.69 (ANG)?
+ 315.12 (ANG)® - 70.82 (ANG)*
ATT = 1 + 0.914 (ANG) - 2.55 (ANG)?
+ 1.89 (ANG)® - 0.43 (ANG)*
Mild Steel: Load 2: R? = 0.56
ACC = 387.36 + 274.68 (ANG) - 951.15 (ANG)?
+ 730.96 (ANG)® - 164.13 (ANG)*
ATT =1+ 0.71 (ANG) - 2.46 (ANG
+ 1.89 (ANG)® - 0.42 (ANG)
Mild Steel: Load 3: R?2=0.72
ACC = 661.3 + 87.59 (ANG) ~ 619.47 (ANG)?
+ 381.12 (ANG)® - 48.74 (ANG)*
ATT = 1 + 0.132 (ANG) - 0.94 (ANG)*?
+ 0.58 (ANG)? - 0.07 (ANG)*
Aluminum: Load 1: R? = 0.85
ACC = 193.38 - 12.3 (ANG) ~ 335.42 (ANG)?
+ 395.61 (ANG)® - 113.1 (ANG)*

ATT = 1 - 0.064 (ANG) - 1.73 (ANG)?
+ 2.05 (ANG)® - 0.58 (ANG)*




Aluminum: Load 22 R? = 0.84

ACC = 375.52 - 58.85 (ANG) - 610.82 (ANG)’
+ 79191 (ANG)® - 238.8 (ANG)*

ATT = 1-ow'lumcs)-ussum(;)z
+ 2.12 (ANG)® - 0.636 (ANG)*

Aluminum: Load 3: R? = 0.81

ACC = 561.18 — 566.87 (ANG) +173.79 (ANG)’
+ 381.93 (ANG)® -163.29 (ANG)*

ATT -1-101(ANG)+031 (AN z’
+ 0.68 (ANG)® - 0.29 (ANG)
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